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Abstract
When masking one-dimensional gratings, the strongest masking effect is achieved by using one-dimensional spatial noise, which
can be regarded as a special case of two-dimensional noise where the noise check height is equal to the grating height. The extent
of spatial integration in the human visual system is limited, however. Hence, our aim was to investigate whether the effective
height of noise checks of one-dimensional noise is similarly limited. We measured detection thresholds for vertical sinusoidal
gratings with added spatial noise. The width of the noise checks remained constant, but their height increased until equal to the
height of the image window which made noise one-dimensional. The contrast energy thresholds increased in direct proportion to
increasing noise check height and the spectral density of noise, calculated by taking into account both the height and the width
of the noise checks. The increase levelled off, however, after the critical noise check height (nyc). The critical noise check height
in grating cycles changed as a function of spatial frequency ( f ) as nyc4.7 [1 (1.4:f )
2]0.5. According to our results the
effective height of noise checks was thus limited in accordance with studies on spatial integration, showing scale invariance above
1.4 c:deg. © 1999 Elsevier Science Ltd. All rights reserved.
Keywords: Spatial integration; One-dimensional noise; White noise; Check noise; Scale invariance
1. Introduction
When a spatial signal is masked by external spatial
noise that exceeds the effect of other noise sources, such
as internal neural noise (Watson, Barlow & Robson,
1983; Pelli, 1990; Rovamo, Luntinen & Na¨sa¨nen,
1992a) or light-dependent quantal noise (Nagaraja,
1964; Pelli, 1990; Rovamo, Mustonen & Na¨sa¨nen,
1994), detection threshold is determined by the spectral
density of the external spatial noise. Signal-to-noise
ratio is constant at detection threshold (Rovamo,
Franssila & Na¨sa¨nen, 1992b; Rovamo, Kukkonen, Ti-
ippana & Na¨sa¨nen, 1993a). Therefore, for a fixed spa-
tial stimulus embedded in external noise with high
spectral density, changes in contrast energy thresholds
are directly proportional to the changes in the spectral
density of spatial noise.
Computer generated spatial noise is called two-di-
mensional when each pixel is assigned a random lumi-
nance value. The masking power of two-dimensional
spatial noise is described by spectral density which is
calculated for white noise by multiplying the pixel (or
noise check) area with the r.m.s. contrast of noise
squared (Legge, Kersten & Burgess, 1987; Kukkonen,
Rovamo & Na¨sa¨nen, 1995). When stimuli are one-di-
mensional, the maximum masking effect is achieved by
using one-dimensional spatial noise at the same orienta-
tion (Stromeyer & Julesz, 1972; Rovamo & Kukkonen,
1996). For a vertical grating, for example, the ‘best’
mask would be one-dimensional noise generated by
assigning a random luminance value to each column of
pixels thus creating vertically elongated noise checks.
Because in this special case there is luminance variation
only in the horizontal direction, the spectral density of
one-dimensional noise is conventionally calculated by
multiplying the noise check width with the noise r.m.s.
contrast squared (Legge et al., 1987). In order to com-
pare the masking effects of one- and two-dimensional
spatial noises, however, we have suggested that the
spectral density of both one- and two-dimensional noise
should be calculated by taking into account both the
width and height of the noise checks (Rovamo &
Kukkonen, 1996).* Corresponding author. Fax: 44 1222 874859.
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The extent of spatial integration in the human visual
system is limited. For one-dimensional gratings contrast
sensitivity first increases as the number of grating cycles
is increased, but then saturates (Hoekstra, Van der
Goot, Van den Brink & Bilsen, 1974; Howell & Hess,
1978; Virsu & Rovamo, 1979; Rovamo, Luntinen &
Na¨sa¨nen, 1993b). For spatial frequencies above about
0.5 c:deg (Rovamo et al., 1993b), the limiting area for
spatial integration in square degrees of visual angle
depends on spatial frequency of the grating, being
inversely proportional to the square of the spatial fre-
quency. The increase in sensitivity at these spatial fre-
quencies thus saturates at a constant number of square
cycles (c2) calculated by multiplying the grating area
with the spatial frequency squared (Virsu & Rovamo,
1979). This indicates that the spatial integration in the
human visual system is scale invariant. For spatial
frequencies below 0.5 c:deg, this scale invariance tends
to break down, and saturation of spatial integration
takes place at a smaller number of square cycles (How-
ell & Hess, 1978; Virsu & Rovamo, 1979; Rovamo et
al., 1993b).
In this paper we investigated whether the effective
noise check height is limited by spatial integration, and
if so what is the maximum height and how does it
depend on spatial frequency, i.e. whether integration of
spatial noise is also scale invariant. We used gratings of
various sizes (1–256 c2) at spatial frequencies 0.5–8
c:deg. For each stimulus size we increased the height of
the noise checks, starting from a small square shaped
noise check (two-dimensional noise) and ending up
with a noise check height equal to the grating height,
which made noise one-dimensional. As we increased the
height of the noise checks, the spectral density of noise
increased causing the energy threshold for detection to
increase in direct proportion. At large grating areas,
however, the increase in energy threshold with increas-
ing noise check height saturated before noise became
one-dimensional indicating that the effective height of
noise checks was limited.
2. Methods
2.1. Apparatus and stimuli
Gratings were generated under computer control on
a 17 in. high-resolution colour monitor used in a white
mode, and driven at 60 Hz by a VGA graphics board
that generated 640480 pixels. The pixel size was
0.04670.0467 cm2 on the screen. The average pho-
topic luminance of the display was 50 cpd:m2. The
non-linear luminance response of the display was lin-
earised by using its inverse when computing the stimuli.
A video summation device (Pelli & Zhang, 1991) and
22 periodic dithering signal (Na¨sa¨nen, Kukkonen &
Rovamo, 1993) allowed the generation of a
monochrome signal of 1024 intensity levels from a
monochrome palette of 65536 intensity levels. The con-
trast of the grating stimulus displayed was independent
of orientation and spatial frequency up to 2 c:cm. A
more detailed description of the apparatus can be
found in Rovamo et al. (1993a).
The spatial frequency of the vertical cosine gratings
used as stimuli in our experiments was 1 c:cm on the
screen. The spatial frequencies 0.5–8 c:deg were ob-
tained by using viewing distances of 28.6, 57, 115, 229
and 458 cm. The size of the square shaped stimulus
window was chosen to be either 11, 22, 44,
88 or 1616 cm2 for spatial frequencies 0.5 and 4
c:deg. Thus, the number of square cycles, calculated by
multiplying the spatial frequency squared by the stimu-
lus area, varied from 1 to 256 c2. A 1616 cm2
stimulus window was used for the other spatial frequen-
cies which kept the number of square cycles constant at
256 c2. The stimulus window was surrounded by an
equiluminous field limited to a 2020 cm2 square by a
black cardboard mask on the screen.
Contrast energy of the signal was calculated by nu-
merically integrating the square of the contrast wave-
form c(x, y) of the signal:
E %
n1
i0
%
m1
j0
c2(xi, yj)p2, (1)
where p is the side length of the image pixel in cm on
the screen or degrees in the visual field. The contrast
waveform is c(xi, yj) [L(xi, yj)L0]:L0, where
L(xi, yj) is luminance at location (xi, yj) on the screen
and L0 is the average luminance across the screen.
Gratings were embedded in spatial noise. It was
produced by adding to each noise check within the
grating area a random number drawn independently
from a Gaussian distribution, which had a mean of
zero and was truncated at 92.5 S.D.-units. The lumi-
nances of the neighbouring checks were uncorrelated.
Thus, noise was white up to a spatial frequency deter-
mined by the check size. We have previously shown
(Kukkonen et al., 1995) that at least four noise checks
per grating cycle are required for the noise to be
regarded as white. Except for the experiment of Fig. 1a,
the width of the noise checks was kept constant at 2
image pixels corresponding to 0.0934 cm. Thus, there
were 11 noise checks per grating cycle, which was 1 cm.
The height of the noise checks increased starting from
0.0934 cm (two image pixels) up to the height equal to
the height of the grating (1–16 cm), thus producing
one-dimensional spatial noise. Because the size of the
noise checks was only increased along the grating bars,
the spectrum of noise remained white within the spatial
frequency spectrum of the grating (Kukkonen et al.,
1995; Rovamo & Kukkonen, 1996). Except for the
experiment of Fig. 1a, the r.m.s. contrast of noise,
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equal to the standard deviation of the Gaussian lumi-
nance distribution normalised by average screen lumi-
nance, was kept constant at 0.25. The physical spectral
density of noise (in cm2 or deg2) therefore increased in
direct proportion to the increase in the height of the
noise checks. The spectral density was calculated as
N(0, 0)cn2nxny (2)
where nx and ny are the horizontal and vertical side
lengths of the noise checks in cm or degrees of visual
angle and cn is the r.m.s. contrast of noise.
The particular combination of the noise check width
and r.m.s. contrast of noise was chosen to ensure that
white noise masked sufficiently even at the smallest
noise check heights (22 image pixels) to be the
dominant source of noise while allowing threshold mea-
surements at the tallest noise checks when the spectral
density of noise and thus contrast thresholds measured
were highest.
2.2. Procedure
Contrast energy thresholds were determined at the
probability level of 0.84 of correct responses (Wetherill
& Levitt, 1965) by a two-alternative forced-choice al-
gorithm. The staircase procedure used is described in
detail in Mustonen, Rovamo and Na¨sa¨nen (1993). The
observer’s task was to indicate in which of the two 500
ms stimulus exposures (separated by a 200 ms inter-
stimulus interval) the stimulus was present by pressing
one of two keys on a computer keyboard. An auditory
feedback indicated whether or not the response was
correct. Each datapoint is the median of at least three
threshold estimates.
The experiments were carried out in a dark room,
where the only light source was the computer screen.
The subject’s head was stabilised by a chin rest. The
stimuli were viewed binocularly with natural pupils of
about 3–5 mm in diameter increasing with viewing
distance. Thus, the average retinal illuminance pro-
duced by our display was about 630 phot.td. The
subjects were asked to fixate the centre of the stimulus.
No fixation point was used, however.
2.3. Subjects
Four subjects, aged between 21 and 32 years, served
as observers. Informed consent was obtained from all
subjects after the experimental procedures had been
fully explained. AR was an emmetrope, KE was an
uncorrected hypermetrope (both eyes 1.25 Diopters
[D]), DM was a corrected myope (right eye 0.5 D:left
eye 1.5 D), and HK was an uncorrected hyperme-
trope (both eyes 0.5 D). All subjects had a binocular
visual acuity of at least 6:4.
3. Results
To ensure that our experimental results were not
affected by a particular choice of parameters, i.e. noise
check width and noise r.m.s. contrast, we carried out a
control experiment at 4 c:deg and 256 c2 grating using
noise check widths of 1, 2 and 4 image pixels and r.m.s.
contrasts of 0.35, 0.25 and 0.18, respectively. The noise
check widths of 1, 2 and 4 image pixels correspond to
21, 11 and 5 noise checks per grating cycle, respectively.
Thus, at these check widths, noise can still be regarded
as white (Kukkonen et al., 1995).
Fig. 1. Contrast energy thresholds for 4 c:deg grating measured in
added spatial noise consisting of noise checks. (a) Grating size was
256 c2. Noise check height increased from 0.09 to 16 cycles. Noise
check width was either 1, 2 or 4 image pixels and the corresponding
noise contrast 0.35, 0.25 or 0.18. (b) Grating size was 4 c2. Noise was
either one- or two-dimensional. The number of noise samples per
contrast level increased from 1 to 30.
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The results presented in Fig. 1a show that contrast
energy threshold was dependent on the noise spectral
density only; noise check shape and r.m.s. contrast of
noise did not have any effect as long as noise spectral
density remained constant and noise was white within
the spatial frequency spectrum of the stimulus, i.e. there
were at least four noise checks per grating cycle
(Rovamo & Kukkonen, 1996). A constant width of two
image pixels and noise r.m.s. contrast of 0.25 was used
for the rest of the experiments.
For the experiments presented in this paper, five
different noise samples were generated for each stimu-
lus contrast level irrespective of the noise check size. A
total of about 15 contrast levels were used for each
threshold estimation resulting in at least 75 randomly
presented noise samples per threshold estimate. A con-
trol experiment was carried out to make sure that the
number of noise samples chosen was sufficient to repre-
sent the entire population of noise samples. We used a
medium sized grating (16 c2) at 4 c:deg, masked with
either one- or two-dimensional noise, and measured
contrast energy thresholds as a function of the number
of noise samples per contrast level. The results pre-
sented in Fig. 1b show that when noise was two-dimen-
sional, contrast energy threshold was unaffected by the
number of noise samples of 1–30 per contrast level.
However, when noise was one-dimensional and the
total number of noise checks within the stimulus area
was thus greatly reduced, the masking increased with
the number of noise samples per contrast level to the
asymptote at five noise samples per contrast level. The
value of five noise samples per contrast level was thus
considered sufficient.
In spite of these precautions, some effect of learning
of the appearance of the one-dimensional noise samples
was evident in the initial data for small gratings com-
prising 1–2 cycles (1–4 c2). These threshold measure-
ments were thus carried out using 15 noise samples at
each stimulus contrast level producing at least 225
randomly selected noise samples per threshold estimate.
In the experiment of Fig. 2 contrast energy
thresholds were measured for sinusoidal vertical grat-
ings embedded in spatial noise. Spatial frequency of the
stimulus was 0.5–8 c:deg. At spatial frequencies 0.5
and 4 c:deg the square-shaped grating size ranged from
1 to 256 square cycles (c2). At 1, 2 and 8 c:deg only the
grating size of 256 c2 was used. The width of noise
checks was always two image pixels (0.09 cycles), but
their height increased from two image pixels to the
number equivalent to the height of the grating (1–16
cycles) so that noise became one-dimensional. The in-
crease of noise check height also increased the spectral
density of noise, calculated according to Eq. (2).
As Fig. 2 shows, contrast energy thresholds for all
grating sizes and spatial frequencies first increased in
proportion to the height of the noise checks and noise
spectral density, indicating that the detection thresholds
were determined by the external spatial noise. The
contrast energy thresholds at different spatial frequen-
cies in Fig. 2 are displaced vertically. This is mainly due
to the fact that the increase in spatial frequency was
achieved by increasing the viewing distance. Therefore,
the spectral density of noise decreased with spatial
frequency resulting in a decrease in contrast energy
threshold. There were also minor differences in underly-
ing contrast sensitivity which was slightly better for 8
c:deg and poorer for 0.5 c:deg. As expected, however,
contrast sensitivities were approximately equal for all
spatial frequencies at each grating size due to the scale
invariance of spatial integration.
At 0.5 c:deg with grating size of 1 c2, and at 4 c:deg
with grating sizes of 1 and 2 c2, contrast energy
threshold increased with increasing noise check height
all the way up to the height corresponding to one-di-
mensional noise. At larger grating sizes, however, the
increase saturated before noise became one-dimen-
sional, despite the fact that the physical spectral density
of noise, calculated by Eq. (2), continued to increase.
Irrespective of grating size, saturation took place at an
approximately constant noise check height, expressed in
terms of cycles. In accordance, at 1, 2 and 8 c:deg,
which were tested using the largest grating size only,
contrast energy threshold again first increased with
increasing noise check height, but then saturated.
In order to estimate the critical noise check height
(nyc), i.e. the height at which the increase in contrast
energy threshold saturated, the dependence of contrast
energy threshold (E) on noise check height was de-
scribed as
EestEmax[1 (nyc:ny)2]0.5, (3)
where Eest is the estimate of the energy threshold mea-
sured and Emax its estimated maximum while ny is the
height of the noise checks and nyc is the critical height.
Both ny and nyc are expressed in cycles. Eq. (3) means
that Eest increases in proportion to the noise check
height, and thus the spectral density of noise, when ny is
considerably smaller than nyc but saturates thereafter.
Eq. (3) was fitted separately for each subject and stimu-
lus condition using an Origin 3.5 software package
(Microcal Software, Northampton, MA). The values of
Emax and nyc were allowed to vary to produce the best
possible fit to the data. Grating sizes 1 c2 for 0.5 c:deg
and 1–2 c2 for 4 c:deg were omitted due to the fact that
data did not saturate.
Fig. 3a shows the estimates of the critical noise check
height as a function of spatial frequency (Table 1). Fig.
3a suggests that the estimates of the critical noise check
height are lower for 0.5 c:deg than for the rest of the
data. This was confirmed by the analysis of variance
(Microsoft Excel 5.0, Microsoft Corporation, WA,
USA) which showed that the differences in the esti-
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Fig. 2. Contrast energy thresholds for 0.5–8 c:deg vertical sinusoidal gratings measured in added spatial noise consisting of noise checks and
plotted as a function of noise check height expressed in grating cycles (lower x-axis). The upper x-axis indicates the corresponding relative spectral
density of noise. It has to be multiplied by 23.4, 5.90, 1.45, 0.365 and 0.0914 to obtain the physical spectral density of noise in deg2 at 0.5, 1, 2,
4 and 8 c:deg, respectively. Noise check width remained constant at two image pixels whereas the height increased from two image pixels until
it was equal to the height of the grating, i.e. noise was one-dimensional. Grating size, calculated by multiplying stimulus area with spatial
frequency squared, increased from 1 square cycle (c2) in (a) to 256 c2 in (e). Subjects are as indicated. The percentages next to each set of data
refer to the goodness-of-fit of the smooth curves, based on the r.m.s.-error of the estimate and calculated according to Rovamo et al. (1996).
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Fig. 3. The critical height of noise checks (nyc) plotted as a function
of spatial frequency. (a) The estimates of nyc obtained by fitting Eq.
(3) to the data of Fig. 2 for all stimulus conditions and subjects
separately. (b) The corresponding mean values with Eq. (4) fitted to
them.
nycnyc max(1 (fc:f)2)0.5 (4)
where nyc max is the maximum critical height of noise
checks in cycles and fc is the critical spatial frequency
above which we can consider the critical noise check
height to remain constant at nyc max. Eq. (4) was fitted
to the mean values of nyc shown for different spatial
frequencies in Fig. 3b. The values of nyc max and fc were
allowed to vary to produce the best possible fit. The
values were found to be 4.7 cycles for nyc max and 1.4
c:deg for fc. The critical noise check height was thus
1.58, 2.73, 3.85, 4.44 and 4.63 cycles for 0.5, 1, 2, 4 and
8 c:deg, respectively. In degrees of visual angle, the
critical noise check height was 3.16, 2.73, 1.93, 1.11 and
0.58 deg and the corresponding maximal spectral den-
sity of external noise, calculated according to Eq. (2),
was 3.69102, 1.59102, 5.63103, 1.62
103, and 4.23104 deg2 for 0.5, 1, 2, 4 and 8 c:deg,
respectively.
The smooth lines in Fig. 2 were produced by fitting
the Eq. (3) to each grating size and spatial frequency
separately using the values of nyc calculated from nyc
4.7[1 (1.4:f )2]0.5. Only Emax was allowed to vary.
The goodness of fit, based on the r.m.s.-error of the
estimate and calculated according to Rovamo, Ra-
Table 1
The critical noise check heights for each subject and stimulus condi-
tion separately
S.E.c2 Subjectnyc
0.5 c:deg
KE0.7604 2.176
0.131 AR0.758
1.75216 0.936 KE
HK0.5502.321
1.88664 0.605 KE
1.753 0.435 AR
2.003256 0.529 KE
1.786 0.286 HK
1 c:deg
256 HK1.3903.452
DM3.303 0.762
2 c:deg
0.656 HK2.607256
3.177 0.931 DM
4 c:deg
4.600 HK16 3.754
DM1.4623.445
2.083 0.68164 HK
DM2.516 0.647
0.7604.018 HK256
2.0956.226 DM
8 c:deg
256 5.229 2.411 HK
5.949 2.490 DM
The estimates were obtained by fitting Eq. (3) to each set of data
while allowing Emax and nyc to vary.
mates of nyc within 1–8 c:deg were not statistically
significant (P\0.2). When the estimates of nyc for 0.5
c:deg were included, however, the analysis of variance
indicated a highly significant difference between esti-
mates at different spatial frequencies (P0.001). This
result is in agreement with Rovamo et al. (1993b), who
showed that the critical number of square cycles (Zc)
indicating saturation of spatial integration depends on
spatial frequency ( f ) as Zc114:[1 (0.650:f )2]. This
means that at low spatial frequencies (B0.65 c:deg) the
saturation takes place at a constant grating area in deg2
but at medium and high spatial frequencies (\0.65
c:deg) spatial integration saturates at a constant num-
ber of square cycles (114).
The square root of the equation of Rovamo et al.
(1993b) describes the saturation of integration in one
spatial dimension and was used here to describe how
the critical noise check height (nyc) in cycles depended
on spatial frequency ( f ):
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ninen, Lukkarinen and Donner (1996)1, was 93% on
average.
4. Discussion
We measured detection thresholds for vertical sinu-
soidal gratings with added spatial noise. The width of
the noise checks remained constant, but their height
increased until it was equal to the height of the image
window, which made noise one-dimensional. The con-
trast energy thresholds first increased in direct propor-
tion to increasing noise check height and the physical
spectral density of noise, calculated by taking into
account both the height and width of the noise checks,
but the increase then levelled off at the critical noise
check height. The critical noise check height in grating
cycles changed as a function of spatial frequency ( f )
according to equation nyc4.7 [1 (1.4:f )2]0.5. Spa-
tial integration in the human visual system thus seemed
to limit the effective height of noise checks, showing
scale invariance at spatial frequencies above 1.4 c:deg.
The finding that spatial integration limits the effec-
tive height of noise checks was expected and in agree-
ment with the finding that spatial integration has a
limited extent in human spatial vision (Hoekstra et al.,
1974; Howell & Hess, 1978; Virsu & Rovamo, 1979;
Rovamo et al., 1993b). The scale invariance of spatial
integration, i.e. the constant critical noise check height
in terms of grating cycles, at spatial frequencies above
about 1 cpd:deg and the breakdown of scale invariance
at lower spatial frequencies is also in agreement with
grating studies on spatial integration (Howell & Hess,
1978; Rovamo et al., 1993b). The result implies that
noise is collected only within the sampling window of
the detection filter (Burgess, 1985).
The extent of spatial integration of noise checks
seems to be limited to less than 5 cycles which is
considerably smaller than the value found in most
studies of spatial integration without noise. For exam-
ple, Howell and Hess (1978) found a saturation of
spatial integration (either along or across the grating
bars) at about 10 cycles and Rovamo et al. (1993b) (for
square shaped gratings) at about 11 cycles. Kersten
(1984), who compared the extent of spatial integration
with and without external noise found by increasing the
width of the grating, however, that without external
noise spatial integration saturated already at about 4–8
cycles, but with one-dimensional spatio-temporal noise
saturation took place at about one cycle. Our current
estimate of the extent of spatial integration determined
using external spatial noise is, therefore, smaller than
the estimates found without noise (Howell & Hess,
1978; Rovamo et al., 1993b; Kersten, 1984) but clearly
larger than the estimate found in noise (Kersten, 1984).
Our result confirms the hypothesis that one-dimen-
sional spatial noise can be considered as a special case
of two-dimensional noise where the noise check height
is equal to the grating height (Rovamo & Kukkonen,
1996), but only when the grating size does not exceed
the limit set by spatial integration. In agreement, we
have previously shown that for vertical gratings com-
prising 16 c2 the increasing height of noise checks
caused a linear increase in contrast energy threshold all
the way up to the noise check height at which noise
became one-dimensional (Rovamo & Kukkonen, 1996).
In our previous study this appeared to be the case for
both 0.75 and 3 cpd:deg gratings, although at 0.75
cpd:deg the increase in contrast energy threshold in fact
seems to slow down slightly before noise becomes one-
dimensional.
On the basis of this and our earlier work (Kukkonen
et al., 1995; Rovamo & Kukkonen, 1996), increasing
the noise check size is a reasonable method of increas-
ing the masking power of external spatial noise. When
noise check size is increased across the grating bars,
however, the cut-off frequency of noise has to be high
enough for the noise to mimic white noise. Our earlier
results suggest that two-dimensional spatial noise con-
sisting of noise checks mimics the effect of white noise
up to the noise check size corresponding to a minimum
of four noise checks per cycle (Kukkonen et al., 1995).
The current study shows that when the check size is
increased in the direction in which the bandwidth of the
signal is not the limiting factor, i.e. along the grating
bars of a one-dimensional grating stimulus, spatial inte-
gration limits the maximum effective height of the noise
checks. Thus, when the noise checks are taller, the
critical height should be used for calculating the spec-
tral density of noise.
The spectral density of one-dimensional noise is con-
ventionally calculated by taking into account the noise
check width only (Legge et al., 1987). This is a perfectly
viable estimation for an isolated study, but if we were
to compare results obtained by one- and two-dimen-
sional noise, problems may arise. As an example, the
estimation of equivalent noise (Pelli, 1990; Rovamo et
al., 1992a), i.e. the external spatial noise which has the
same masking effect as internal neural noise, would
give different values for the same signal depending on
whether one- or two-dimensional spatial noise is used.
For such reasons, it is necessary to calculate the spec-
tral density of external noise in a comparable way for
various types of external noise. As this study shows,
however, the limitations set by the visual system on the
masking effect of external spatial noise have to be taken
into account, too.
1 The goodness of fit, based on the r.m.s.-error was calculated as
GoF10010.5n1  (log Y log Yest)20.5,where Y refers to
the experimental data and Yest to the predicted values.
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When external spatial noise is used to by-pass the
early filtering in the visual system in order to estimate
its detection efficiency (Burgess, 1985; Pelli, 1990;
Rovamo et al., 1992), e.g. it is important to use such
high spectral densities that spatial noise definitely limits
the detection performance, i.e. it is the dominant source
of noise. In a normal visual system this can require
increasing noise check size at low light levels where the
effect of light dependent quantal noise (Nagaraja, 1964;
Pelli, 1990; Rovamo et al., 1994) is high, as well as at
low and high spatial frequencies where the composite
transfer function of the optics and neural visual path-
ways (Rovamo et al., 1993b) reduces the spectral den-
sity of noise (and contrast of the stimulus).
Furthermore, if studies using noise as a mask are
carried out in pathological vision (Kersten, Hess &
Plant, 1988; Pelli & Hoepner, 1989; Pelli, Jackowski &
Hoepner, 1990), low contrast sensitivity makes it
difficult to get strong enough spatial noise without
increasing noise check size.
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